Abstract. The dental pulp contains a relatively low number of stem cells; however, it is considered to be a promising source of stem cells for use in regenerative therapy. To date, it has remained elusive whether there are certain differences in the dental pulp stem cells (DPSCs) from donors of different ages. In the present study, DPSC lines were derived using teeth from children, adolescents, adults and aged donors. The derivation efficiency, the proliferative and apoptotic rate, cell marker expression and the differentiation capacity were investigated and compared among these DPSC lines. The derivation efficacy was decreased with increasing donor age. Although a large part of cell surface markers was expressed in all DPSC lines, the expression of CD29 was downregulated in the DPSCs from aged teeth. In addition, the doubling time of DPSCs from aged teeth was prolonged and the number of apoptotic cells was increased with the propagation. These DPSCs were able to differentiate into a neuronal linage, which positively expressed the neuron-specific class III beta-tubulin and microtubule-associated protein 2, as well as into an osteogenic lineage, which positively expressed CD45; however, these DPSCs from aged teeth were completely or partially deprived of differentiation capacity. By contrast, DPSCs from younger teeth displayed significantly higher vitality and a higher potential for use in dental regenerative medicine.
Introduction
Human teeth are highly specialized organs of the human body. Two series of teeth grow in humans comprised of 20 temporary teeth and 32 permanent teeth; however, the second series of teeth hardly show any further growth following their maturation. If the teeth are broken through physical impact, bacterial degradation or aging factors in adults, they are not able to regenerate and are currently replaced with artificial prosthetics or implants (1) . However, regenerative medicinal studies are currently investigating the feasibility of tooth regeneration using stem cells, and therefore, it is important to study development mechanisms of human teeth for further tooth regeneration (2) .
Pluripotent stem cells have been isolated from embryos or various tissues, and they have displayed tremendous potential in regenerative medicine due to their characteristics of self-renewal and multi-differentiation under certain conditions. In 2000, Gronthos et al (3) isolated cells from the dental pulp of odontogenic teeth and proved the characteristics of self-renewal and potency for multilineage differentiation of these cells, and finally named these cells as dental pulp stem cells (DPSCs) (3) . The discovery of DPSCs provided the tool to study mechanisms of dental development.
In the past ten yeas, studies on DPSCs have led to the development of isolation and culturing techniques. Miura et al (4) successfully isolated stem cells from human exfoliated deciduous teeth (SHED) and identified that they had the general characteristics of DPSCs. Wang et al (5) also isolated SHED and found that their capability of mineralization and mRNA expression levels of inflammatory cytokines were higher compared with those of DPSCs (5) . Furthermore, Kerkis and Caplan (6) described that the derivation of induced pluripotent stem (iPS) cells from DPSCs was significantly more efficient compared with that of human fibroblasts. In addition, stem cells from the third molar were shown to have a lower population doubling time, higher colonogenic activity and an improved growth curve compared with those from the deciduous incisor, indicating that stem cells from the human third molar are appropriate candidates for use in experimental, pre-clinical and even clinical setups (7) . However, a study by Govindasamy et al (8) indicated that the proliferation rate of the stem cells derived from human deciduous teeth was higher than that from human permanent teeth. Furthermore, stem cells from deciduous and permanent teeth display differences in their differentiation ability, particular into neuronal lineages, as well as differential expression of extracellular matrix proteins that are involved in the odontoblast lineage differentiation and in dentin mineralization (9, 10) .
Although these differences in proliferation and gene expression between stem cells from deciduous and permanent teeth have been identified, the reasons accounted to these differences have remained elusive. Studies on adult stem cells have provided conflicting information, with certain studies reporting no change (11) (12) (13) (14) while others identified an age-associated decline of the above-mentioned parameters (15) . It is not known whether aging of DPSCs affects their differentiation ability, but the donor age for deciduous stem cells is always less than that for permanent stem cells; however, there is still no detailed study on the effects of donor age on the DPSCs.
In addition, expression of cell surface maker genes varied in adult stem cells from different tissues, except for a number of pluripotent stem cell marker genes. Abramova et al (16) proved that gene expression was dependent on the embryonal development stage in acutely isolated central nervous system progenitor cells from mice. In long-term cultured mesenchymal stem cells (MSCs), Halfon et al (17) found that cell surface marker genes were downregulated with increasing passage and indicated its close association with the quality of MSCs. However, although certain cell surface marker genes were shown to be differentially expressed under different conditions, the effect of the donor age on marker gene expression on DPSCs has remained elusive.
The present study aimed to investigate the derivation of DPSCs from human teeth of donors of different age and compared cell surface marker gene expression among them. The teeth were assessed regarding the presence of stem cells, and the latter were examined for their potential to proliferate, differentiate and to be used in regenerative dental medicine.
Materials and methods
Isolation and culture of DPSCs. The present study was approved by the ethics committees of Tianjin University and Tianjin General Hospital (Tianjin, China). Human dental pulp tissues were obtained from clinically healthy extracted deciduous and permanent teeth (due to trauma), including six deciduous teeth from children aged 4-8 years, four permanent teeth from adolescents aged 12-20 years, five permanent teeth from adults aged 30-50 years and six permanent teeth from aged individuals aged 55-67 years. The DPSCs were isolated and cultured as previously described (18) . The teeth were fractured with a dental surgical elevator (model:1141-1; Rongwei Ltd. Corp., Shanghai, China) and pulp tissue was gently separated with a sterile dentinal excavator (Gladent; Henki Medical Instrument Factory, Foshan, China) from the crown and root. The dental pulp was gently rinsed in phosphate-buffered saline (PBS; Thermo Fisher Scientific, Inc., Waltham, MA, USA), dissected into 1-mm 2 tissue sections and implanted into culture dishes (BD Biosciences, New York, NY, USA) in 3 ml culture medium. After three to four days, soma fibroblast-like cells grew around the mass and were digested with 0.5 g/l trypsin and 0.53 mmol/l EDTA (both Thermo Fisher Scientific, Inc.) for 3-5 min at 37˚C. The fibroblast-like cells were further incubated for propagation and later passaged at ~5x10 4 cells/cm 2 . Cells were incubated at 37˚C under 5% CO 2 and 80% humidity. Penicillin and streptomycin (Thermo Fisher Scientific, Inc.) were used in all solutions to minimize bacterial contamination.
Cell proliferation analysis. The cell number was quantified using a Scepter Handheld automated cell counter with 60-µm Scepter Sensors (both Merck-Millipore, Billerica, MA, USA), which employs the Colter principle of impedance-based particle detection. The concentration of viable cells was identified based on cell volume/size measurements using Scepter software Pro 2.0 (Merck-Millipore).
Fluorescence-activated cell sorting (FACS) analysis.
Cell surface marker expression was analyzed by FACS. Briefly the cells of the different cell lines were digested using 0.25% trypsin and then rinsed with PBS. The harvested cells were stained with the monoclonal antibodies for overnight and analyzed by FACSAria II (BD Biosciences, San Jose, CA, USA). The following antibodies were used: CD14-fluorescein isothiocyanate (FITC), CD29-phycoerythrin (PE), CD31-PE, CD34-PE, CD44-PE, CD73-PE, CD90-allophycocyanine (APC), CD166-PE, CD45-PerCP-Cy5, HLA-DR-PerCP-Cy5, CD105-PE and CD133-APC.
DPSC differentiation in vitro.
The DPSCs were stimulated to differentiate in vitro into neuronal cells and osteoblasts according to previous methods (19, 20) . For neuronal differentiation, the DPSCs were cultured in a specific induction medium [Dulbecco's modified Eagle's medium-high glucose, 10% fetal bovine serum (FBS), 5 ml/l B27 supplemented with 10 ng/ml epidermal growth factor and 20 ng/ml basic fibroblast growth factor; Thermo Fisher Scientific, Inc.] for the first 15 days, and then the cells were transferred into the second differentiation medium supplemented with neuronal growth factors [10 ng/ml neurotrophin-3, 10 ng/ml nerve growth factor, 25 ng/ml brain-derived neurotrophic factor (BDNF), 10 mM butylated hydroxyanisole, 25 mM 3-isobutyl-1-methylxanthine (IBMX), 0,5 mM all-trans retinoic acid and 10 nM progesterone; Thermo Fisher Scientific, Inc.] for another 15 days, and finally, the differentiated cells were incubated in the third differentiation medium supplemented with 50 ng/ml BDNF; 5 mg/ml insulin; 200 mM indomethacin and 0.5 mM IBMX (all Thermo Fisher Scientific, Inc.) for one day. The differentiated neuronal cells were identified by immunofluorescence.
For osteogenic differentiation, the DPSCs were cultured in differentiation medium consisting of α-minimum essential medium supplement with 10% FBS, 10 nM dexamethasone, 10 mM b-glycerophosphate (Thermo Fisher Scientific, Inc.) and 100 mM Sigma A-7506 L-ascorbate-2-phosphate (Sigma-Aldrich, St. Louis, MO, USA). After 20 days, mineralized deposits were observed in the culture medium and identified by reverse transcription polymerase chain reaction (RT-PCR).
Immunofluorescence analysis of cells. The DPSCs and the differentiated cells were collected, fixed with 4% paraformaldehyde and then permeabilized with 0.25% Triton X-100 (all Thermo Fisher Scientific, Inc.). At passage 10, the cells were blocked and stained with the primary antibody [anti-microtubule-associated protein 2 (MAP2) or anti-neuron-specific class III beta-tubulin (TUJ1)] overnight at 4˚C followed by the appropriate secondary antibodies detecting mouse and rabbit immunoglobulin G, respectively. The sample was then rinsed three times using PBS and dried at room temperature. A cover slip was placed on the sample and the slide was observed under a confocal microscope (LSM 510; Zeiss, Oberkochen, Germany) and images were captured.
Karyotype analysis. Karyotype analysis (G-banding) was performed on at least 20 cells from each sample. The cells were harvested and centrifuged (speed, 300 x g for 5 mins at room temperature) following colchicine treatment, and the cells were then re-suspened in 70 mM KCl (Sigma-Aldrich) for 20 min at 37˚C, and then centrifuged again (as above). The cells were fixed with methanol/acetic acid (3:1) for 5 min at room temperature. The cells were centrifuged again (as above) and the cell pellet was incubated overnight at 4˚C. The cells were finally placed on a glass slide and stained with Giemsa solution (Sigma-Aldrich).
RT-PCR. Cells were harvested using trypsin. After washing with PBS, mRNA was isolated by using an RNeasy Miniprep kit (Qiagen, Hilden, Germany). Reverse transcription was performed using an Invitrogen SuperScript First-strand Synthesis System kit (Invitrogen Life Technologies, Carlsbad, CA, USA). The following primer pairs were used to detect the gene-specific mRNAs: Forward, 5'-GAGCAAAACCCGGAGGAGT-3' and reverse, 5'-TTCTCTTTCGGGCCTGCAC-3' for human Oct4.
A Mastercycler nexus (Eppendorf Ltd., Hamburg, Germany), was used and PCR was performed for 35 cycles. Quantification of PCR products was performed using a JY-SCZ2 electrophoresis chamber (Junyidongfang Ltd., Beijing, China) with A-6013 agarose (Sigma-Aldrich).
Measurement of apoptotic cells. Call apoptosis was measured at passage 10. The cells were harvested and suspended in Annexin V-binding buffer (BioVision Inc., Milpitas, CA, USA). Annexin V-FITC (BioVision) was added to the cell suspensions, which were incubated at room temperature for 5 min in the dark. The suspensions were analyzed using a FACSAria cell sorter.
Statistical analysis. Cell growth/proliferation and apoptosis assay was repeated three times. Values are expressed as the mean ± standard deviation. Statistical analysis was performed using one-way analysis of variance with Bonferroni's post hoc test. P<0.05 was considered to indicate a statistically significant difference between values. Data were analyzed using SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA).
Results
A total of six DPSC lines were derived from deciduous teeth of six children, four DPSC lines were derived from permanent teeth of four adolescents, three DPSC lines were derived from five permanent teeth from adults and two DPSC lines were derived from six permanent teeth from aged donors. The derivation efficiency was decreased with increasing donor age ( Table I) .
The derived DPSCs were identified by specific marker gene expression. The pluripotent transcript factor Oct4 was positively expressed in all of the DPSC lines from donors of different age (Fig. 1) . The results of FACS analysis indicated that the specific cell surface markers (CD13, CD29, CD59 and CD146; Fig. 2A-D, respectively) were positively expressed and negative makers (CD19, CD24 and CD45; Fig. 3A-C, respectively) could not be observed in the DPSC lines. However, the expression intensity of CD29 was decreased with the propagation until DPSCs, dental pulp stem cells; Y, yes; N, no (establishment of the cell line was attempted, but not successful). A B G passage ten in the DPSCs from permanent teeth of aged donors (Fig. 3D) . The proliferation of DPSCs in each group was evaluated at 48, 72, and 96 h. There were no differences among the DPSCs in the four age groups at 48 h, but at 72 h, the proliferation rate of DPSCs from aged donors was significantly lower than that in the other three groups. Furthermore, at 96 h, the proliferation rate of DPSCs from aged donors was significantly decreased, and the proliferation rate of DPSCs from adult donors was also significant lower than that of the DPSCs from deciduous teeth of children and permanent teeth from adolescents (Fig. 4A) . Furthermore, as shown in Fig. 4B , the population of annexin V-positive (apoptotic) cells was increased in the DPSCs from aged donors at 48 h, and the apoptotic cells were continuously increased later at 72 and 96 h, whereas the population of annexin V-positive cells did not increase in the other groups.
All of the DPSC lines from deciduous teeth of children and permanent teeth of adolescents were able to differentiate into neuronal and osteogenic lineages under the specific differentiation conditions. However, one DPSC line from adult permanent teeth was not able to differentiate into an osteogenic lineage, but into neurons, while two other DPSC lines from adult permanent teeth were able to undergo neuronal and osteogenic differentiation. Furthermore, one DPSC line from the tooth of an aged donor differentiated into an osteogenic lineage but did not undergo neuronal differentiation, while the other one could not be induced to differentiate at all (Table II) . Differentiation was confirmed using the neuronal markers MAP2 and TUJ-1 (Fig. 5A-F) and the bone marker CD45 (Fig. 5G) .
Discussion
In the present study, DPSCs were successfully isolated from deciduous or permanent teeth from donors of different ages, and these cells were positive for DPSCs-specific markers alongside typical morphologies (adherent cells resembling fibroblasts) (21) . However, the expression of certain marker genes was decreased and the differentiation to neuronal and osteogenic lineages was also impaired in the DPSCs from permanent teeth of aged donors compared with those in the other three groups.
DPSCs have been derived from deciduous teeth of children and permanent teeth of adults; however, there are few studies on DPSCs derived from permanent teeth of aged individuals (22) . In the permanent teeth of aged individuals, the cell number in the dental pulp is reduced, and the fiber as well as the collagen composition is gradually increased (23) . Furthermore, calcification often occurs in parts of the pulp chamber and root canal, which results in a reduction in size of the pulp chamber caused by the continual secretion of dentin matrix by odontoblasts (24) . Mitsiadis et al (25) showed that the dental pulp volume decreases gradually upon aging due to the continuous production of dentin matrix by odontoblasts and that this age-associated pulp chamber reduction is due to the elimination of a certain number of odontoblasts by apoptosis. These age-associated physiological changes explain, at least in part, the lower efficiency of DPSC line derivation from permanent teeth of aged donors.
The DPSC proliferation rate was analyzed and the results indicated that high donor age impaired the proliferation rate. The possible explanation for this was the increasing levels of apoptosis in DPSCs from teeth of aged donors. In the present study, a significantly higher apoptotic rate was observed in aged DPSCs using annexin V staining. Apoptosis is expected to decrease the mitotic cell number, resulting in a decreased proliferation rate; furthermore, age-associated DNA replication errors and reduced genomic stability are observed in aged cells, leading to induction of apoptosis and a reduced proliferation rate. The activation of apoptotic signaling pathways in aged dental pulp has been proved by Tranasi et al (26) using a microarray method.
Furthermore, DPSC-specific cell surface marker gene expression was identified in the present study. The transcription factor Oct4, which is specifically expressed in pluripotent stem cells, was positively expressed in all DPSC lines, and a number of DPSC-specific cell surface markers were also positively or negatively expressed as expected in the DPSCs, which proved the DPSCs originated from dental pulp and not from MSCs (27) (28) (29) . A study observed changes in MSC-specific marker expression and epigenetic modification following long-term culture in vitro (30) . In the present study, CD29 expression was decreased at the tenth passage in the DPSCs from permanent teeth of aged donors, but not differently expressed in DPSCs derived from teeth of the other age groups, suggesting that the donor age contributed to the differential gene expression profiling for specific markers. Similar results were obtained for human bone marrow mesenchymal stem cells by Zaim et al (31) . A study by Pruszak et al (32) indicated that CD29 together with CD15 and CD24 was able to regulate neuronal differentiation and proved that low expression of CD29 reduced the population of proliferating cell types in human embryonic stem cell differentiation. The distinct function of CD29 was associated with β1-integrin signaling and regulatory cell adhesion by interacting with the extracellular matrix (ECM), whereas integrin signaling has been shown to be of functional relevance for neural crest (33) as well as mesenchymal development (34,35). Tranasi et al (26) 
Y, yes; N, no; DPSC, dental pulp stem cell.
identified several differentially expressed genes that were categorized as growth factors, transcription regulators, apoptosis regulators and genes of the ECM using a high-throughput microarray method, and indicated that in dental pulp from young individuals, biological functions of cells, including tissue differentiation and development as well as proliferation and of immune, lymphatic and hematologic cells were exerted at high rates, whereas apoptotic pathways were active in dental pulp from aged donors (26) . CD29 is regarded to be one of the most important cell surface markers in human neuron stem cells (36) . In the present study, neither of the two DPSC lines derived from permanent teeth of aged donors were able to differentiate into neuron lineages, which indicated that the neuronal differentiation ability was impaired by the lower expression of CD29. Aanismaa et al (37) demonstrated that DPSC-derived neural progenitor stage cells could be produced, which, however, did not mature further into functional neuronal cells. In the present study, the differentiated cells from DPSCs were positive for specific markers for neurons and gliocytes. In rats, DPSCs were able to differentiate into nestin-positive progenitors, TUJ-1-positive neuronal cells and S100-positive glial cells (38) . Furthermore, human postnatal dental pulp cells were demonstrated to be able to differentiate into class III beta tubulin and TUJ-1 positive neuronal cells (39) . In addition to neuronal cells, DPSCs were indicated to differentiate into osteoblasts, adipose cells and smooth muscle cells (40) (41) (42) . In the present study, osteoblast markers were identified in all DPSCs, and only one cell line derived from a permanent tooth of an aged donor failed to form osteoblasts.
In conclusion, DPSC lines were derived from teeth of donors of different age, and the results demonstrated that the derivation efficiency, proliferation rate, differentiation into neuronal lineages and the cell surface marker expression were all impaired in the DPSCs derived from permanent teeth of aged donors. Therefore, DPSCs should be established and stored as early as possible for treatment of dental diseases in aged patients.
